Abstract. Quantum aspects of the interactions between the high-intensity laser and electron plasma has been studied from the point of view of coherent-state formalism In this paper, I offer a sound theoretical foundation based on quantum-mechanical and coherent-state-formalism for analyzing the interactions between the high-intensity laser and electron plasma in a many electron system. Using first the Two Times Green Function method, I derived a quantum theory for a free electron laser when the laser intensity is not very high. Then, the dispersion relation for the free electron high-intensity laser can be formulated using the classical laser field. To provide the sound foundation using the classical field, I discuss the coherent-photon state. For analyzing many electron systems, I describe the use of the atomic-coherent state, which provide proper description of the superradiant transition , the atomic laser, and the production of positrons by a very strong laser.
INTRODUCTION
The classical formalism for an electromagnetic field was used to advance a theory for the free electron laser. However, because the electron beam employed in the free electron laser was not refined very well in the past, its formulation by quantummechanical formalism was not considered seriously. Recently, the electron beam has been refined, it is desirable to formulate a theory that rests on a good foundation. I derived a quantum theory for a free-electron laser of not too high an intensity r using the Two Times Green function formalism [1] that Matsubara derived for solid physics theory. I compared the dispersion relationship that I obtained with Kwan s classical theory [2] . However, when the laser intensity becomes high, multi-photon reactions play an important role, so that the highly correlated Green function has to be taken into account. And a large number of simultaneous equations have to be solved; these become more complicated as the laser I s intensity increases. Instead of solving each highly correlated Green function, I proposed describing the many photon field by the classical approximation field. This approach greatly simplified the formulation To obtain a proper foundation for the classical approximation of the laser field, others have suggested incorporating the coherent-state expansion for an electromagnetic field [3] . Although coherent state expansion is over-complete, it offers a well-defined mathematical basis for exploring the relation between the quantum formula and the classical formula, and provides the methodology for treating more complex systems.
In a previous paper [4] , I discussed on the classical field and applied coherentstate expansion to the photon field, but the many electrons involved in the theory of the free electron were not treated as the coherent state. By taking into account the multiple spin-state for the assembly of electrons in the same way as for the many photons, a quantum free-electron theory based on the electron-coherence state can be derived in a simple way as the classical photon field, and the super-radiant transition can be described.
Considering the two levels of spin up and spin down states for single electron, the state of assembly of the electrons can be expressed by the so-called atomic coherent state, and the free electron theory can be simplified using both the coherent photonand atomic-states. This electron-coherent theory simplifies the formulation of parameters, such as the super-radiant transition by using the so-called Dicke 1 s superradiant states. This use of the atomic-coherent states can be generalized for the analysis of the atomic laser by a simple extension of the theory.
THE FORMALISM OF DISPERSION RELATION OF FREE ELECTRON
When a relativistic electron is moving in a electro-magnetic field and a magnetic field B , the Hamiltonian for such a system may be written as
+ H ee
where A is the sum of the vector potential, A s of the B-field and the vector potential, A r , of the electromagnetic wave; A =A S +A r , m and C are the mass of the electrons and the speed of light, respectively, while a and P are the Dirac matrix operators, and the suffix stands for the ith particle. H r is the Hamiltonian for the electromagnetic wave. H ee is the Hamiltonian for the interaction between electrons , and Hs is the Hamiltonian for the static magnetic field. The last Hamiltonian, the constant of motion, is not incorporated in the dynamics of the system; it can thus be neglected in the following derivation.
To solve this Hamiltonian system by taking into account the quantum aspect, we use a second quantization formalism in which the Hamiltonian is expressed by the creation and annihilation operator of photons and electrons, The dispersion relation of laser photon, is derived from the equation of motion for the two-time Green function of the photon by taking its time derivative. In this successive derivation, the highly correlated Green functions of the photon and electron are created. The resulting equation of motion becomes a simultaneous equation with large number of highly correlated Green functions for a high intensity laser.
In our previous paper, we obtained the dispersion relation by assuming that the laser intensity was not high enough, so that the highly correlated Green function of the photon and electron can be decoupled, and it results to closing the simultaneous equation in the small order , and we got the dispersion relation as . where G> P =4ne n 0 /m i s the plasma frequency.
This can be compared with the one obtained by Kwan using classical formalism as
where A^ =T/4m Q e 2 and T is the temperature of the electron beam.
DISPERSION FORMULA FOR THE HIGH INTENSITY LASER
To obtain the dispersion relation for a high intensity laser, a large number of simultaneous equation has to be solved; hence, it is too complicated to be resolved the problem analytically. Therefore, I treated the laser field as the classical field , and then the dispersion formula for G q ^((o) is obtained as (see Reference [6] )
Although, we obtained a very simple dispersion relation for a high-intensity laser case using the classical field approximation, the justification of its use must be clarified. This can be done using the coherent state which gives the sound foundation of the classical formula.
COHERENT , SQUEEZE, AND SUPER-RADIANT THEORIES
The coherent state of photon is defined as | a) -exp (-\a\ 2 1 2)j^ a n ljn\l\ n} n=0 Here + \n)-\l4n\(a + ) n \(f^i |<p 0 )= vacume state] is the eigen state of th number operator N=a + a containing light quanta. For our consideration it is useful to split a+ and a into a sum of Hermitian operators i.e.
Coherent state I a > is the eigen state of the non-Hermitian annihilation operator a with the complex eigen value value a -(u+ip) /^(2h) If this complex eigen value a, which labels the coherent states runs over the whole complex plane, the coherent states becomes over-complete for the Hilbert space. Such an over-complete sets of the coherent states can not be used for our consideration because they are linearly dependent. However, Bargmann al. [7] and Perelomov [8] This discretization introduces the uncertainty principle of quantum formulation, the delicacy of the quantum effect on the theory such as the super radiant state and the squeeze states which is prominent in the quantum theory of the laser can be studied.
-The one of advantage of using these coherent state description is the fact that many modes in the EM field can be formulated without difficulty. Furthermore another transition associated with the super-radiant. The squeezed states which might be created by the free electron laser is described by the u or p in the Eq.(5.3).
ATOMIC COHERENT STATES
In the above formalism the electron system is assumed to be an assembly of singlelevel particles neglecting the spin dependence of magnetic field. When the magnetic field is taken into account, the single electron state is split into two states of spin-up and spin-down. The excitation and de-excitation of the spin dependent electrons by laser field play role of important factor for the analysis. The wave function of electron plasma is expressed by function of the spatial and spin, but when the wave length of the laser is larger than the distance between electrons, the wave function of assembly of the electrons can be described by the total spin which is the sum of each spin. For the analysis of many electron states, the use of the atomic coherent state of B loch state can simplify the formalism, similar to the coherent state of photon | a) as the many photon analysis. The atomic coherent state of Bloch state | 6,9) is defined as 10,9) EE R e>(p | When a strong laser field irradiates the electron plasma, the spin state of the electrons will be excited from the down state to the up state and the Dick 1 s superradiant state will be created. These analyses can be carried out using the Bloch state. When the positively charged particles are in the plasma, the angular momentum will participate in the equation of motion of the whole system, and various electromagnetic field will be excited including the Landau level ( in the case of strong magnetic plasma). The coherent state of the plasma state can be described as the spin and angular variable, and classical formula will be obtained with a proper quantum foundation.
COHERENT STATE FOR FERMIONS
Toyoda et al [4] gave a sound foundation for the classical formalism for the highintensity photon field. However, in their formulation, classical approximation is applied to the radiation field, assuming that the electron state is not subjected to such an approximation. To use the coherent state for electrons, the formalism developed by Ohnuki et al [5] should be applied which describes the coherent state of fermion particles where ^s are the Grassmann numbers instead of the complex number a for a boson field.
CONCLUSION
In the above formulation, we used the atomic coherent state to describe the many electron states. When a very strong laser field irradiates electron plasma, very many exotic states will be created. The straightforward application of the Green function method becomes very complex, but it might be simplified by using Group theoretical approaches.
Recent simulation of very strong laser irradiation to plasma shows the vortex type and soliton like excitation. By taking a group theoretical approach, such as, L-S coupling , these excitation can be analyzed using the classical approach for these coherent states. I would like to mentioned that the coherent state is related with Gauge field. The group theory provides a proper foundation for the coherent state theory, and not only the strong laser theory, many exotic gauge theories give simple descriptions for complicated reactions. When the laser field is extremely strong, positrons might be created, in order to analyze this case, the formalism of using four-components Dirac wave function is required instead of two components. And the coherent state can be described by the group theory in high dimensions To formulate these process, the real quantum description provides fundamental foundation for this analysis.
